As an initial assessment of the feasibility of employing the adenovirus serotype 3 ( Ad3 ) fiber knob as a locale for introducing a tropism -modifying motif, we generated an adenoviral vector containing a six -histidine tag genetically fused to the carboxy -terminus of the Ad3 fiber knob. The heterologous tag proved to be accessible for binding in the context of the virion and, moreover, had rendered the modified vector capable of mediating gene transfer through an artificial, non -Ad3 receptor.
A variety of strategies have been employed to alter the native tropism of adenovirus (Ad ) vectors for gene therapy applications. 1 These approaches have been endeavored to ablate the native tropism of Ad and/ or to introduce novel tropism. Based on the concept that the major predicates of Ad tropism are the interactions of capsid proteins with target cell receptors, genetic strategies to alter capsid proteins have been endeavored as a means to accomplish the goal of altered Ad tropism. 2 In this regard, the major primary cellular receptor for the majority of Ad vectors, which are based on serotype 2 or 5 of subgroup C, is the coxsackievirus and adenovirus receptor ( CAR ). In recognition of the fact that an absence, or paucity, of CAR frequently limits efficient Ad -mediated gene transfer, strategies to expand Ad tropism to achieve CARindependent infection have been explored. These infectivity enhancement maneuvers have included the genetic incorporation of targeting ligands in the knob domain of the adenovirus fiber, either at the fiber carboxy -terminus, 3 -6 or the HI loop of the fiber knob. 7 -9 In addition, the existence of non -CAR receptors recognized by non -type 5 adenovirus serotypes has rationalized the exploration of knob, or fiber, serotype chimerism. 10 -14 This latter approach has been explored by our group whereby a serotype 5 Ad, which incorporates a serotype 3 knob, can achieve CAR -independent gene delivery with infectivity enhancement for CARdeficient target cells. 11, 15 In addition, ablation of native tropism has represented an important gene therapy endpoint in selected contexts.
Genetic approaches to achieve this end have been proposed based on mutagenesis of the CAR recognition domain of the adenovirus serotype 5 fiber knob. 16 -18 Likewise, fiber /fiber knob serotype chimerism allows a means to alter Ad tropism in a manner that mitigates recognition of native serotype 5 determinants.
Heretofore, these genetic capsid modifications have been endeavored singly, i.e., as unique alterations designed to achieve a specific tropism alteration endpoint. The complex exigencies of a given gene therapy approach, however, may require tropism alterations to achieve several goals in combination. For instance, precise cell -specific targeting would benefit from ablation of native tropism in combination with the acquisition of novel, non-native tropism. In this regard, such complex vectorology goals might logically be accomplished by means of multiple genetic capsid modifications operating in concert. The advancement of such a paradigm, i.e., of a ''complex mosaic Ad,'' first requires formal establishment that multiple, and distinct, genetic capsid modifications may be practically achieved. Herein we seek to establish such a feasibility through the derivation, and analysis, of a complex mosaic Ad, which incorporates distinct genetic capsid modifications designed to achieve altered tropism.
In view of these considerations, we focused on the question of whether the adenovirus serotype 3 (Ad3 ) fiber knob, like the Ad5 fiber knob, has suitable sites for incorporation of heterologous ligands. In the present proof -of -principle study, we assessed whether the carboxy -terminus of the Ad3 fiber knob represents such a site that will allow additions of tropism -modifying motifs.
Two Ad5 -based adenoviral vectors (Ad5.F5 /3 and Ad5.F5 /3.Ct.His ) -with the native fiber knob replaced by an Ad3 fiber knob and with the E1 region harboring an expression cassette consisting of a cytomegalovirus ( CMV ) promoter-driven green fluorescent protein (GFP ) gene and a CMV promoter-driven firefly luciferase ( LUC ) genewere generated for this study. Furthermore, in the case of Ad5.F5 /3.Ct.His, six -histidine ( His ) residues ( preceded by a short spacer ) had been genetically fused to the carboxyterminus of the Ad3 fiber knob. Besides this ''His tag,'' the two vectors were genetically the same ( Fig 1a ) .
The construction of these vectors was as follows: A plasmid containing the Ad5.F5 /3 genome ( pTU.5 / 3) was generated by homologous DNA recombination in Escherichia coli BJ5I83 between a fiber shuttle vector containing a chimeric Ad5 /Ad3 fiber gene, namely pNEB.PK.F5 /3, 11 and a SwaI -digested fiber rescue plasmid that is based on pVK50, 8 but which contained the aforementioned GFP and LUC expression cassette in the EI region. 19 A plasmid containing the Ad5.F5 /3.Ct.His genome ( pTU.5 /3HIS ) was generated in a similar manner, except that, first, pNEB.PK.F5 /3 had to be modified so that a short peptide linker (Pro -( Ser -Ala ) 4 -Pro) and a six -His -containing peptide (Arg-Gly -Ser-His 6 ) would be added to the carboxy -terminus of the chimeric Ad5 /Ad3 fiber. To this end, a PCR technique was employed, which resulted in the introduction of the coding sequence, 5
0 -CCATCAGCCT-CCGCATCTGCTTCCGCCCCTAGAGGATCCCATCAC-CATCACCATCAC -3 0 , between the last coding codon of the chimeric Ad5 /Ad3 fiber gene and its stop codon. Adenovirus DNA was released from the generated Ad genome plasmids by PacI digestion and used for transfection of 293 cells to rescue the virus as described previously. 20 The viruses were rescued successfully, indicating that the heterologous addition to the Ad3 fiber knob was structurally compatible with the correct folding and the biological functions of the fiber molecule. The Ad vectors were propagated on 293 cells and purified by centrifugation in CsCI gradients by a standard protocol. Viral particle titers were determined spectrophotometrically by the method of Maizel et al, 21 using a conversion factor of 1.1Â10 12 viral particles per absorbance unit at 260 nm.
To verify the structural integrity of the fiber region of the viral genomes, DNA isolated from viral particles was 
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Feasibility of Ad3 knob for ligand incorporation TG Uil et al analyzed by PCR. In both cases ( Ad5.F5/ 3 and Ad5.F5/ 3.Ct.His ), this resulted in the generation of amplification products of the expected lengths ( Fig 1b ) . Western blot ( WB ) analysis of denaturated viral particles demonstrated that the chimeric Ad5 /Ad3 fibers had the predicted size ( Fig 2a ) . It was also verified that the carboxyterminal His tag was present on the fibers of Ad5.F5/ 3.Ct.His and absent on those of the control virus Ad5.F5/ 3 ( Fig 2b ) .
If the carboxy -terminus of the Ad3 fiber knob is to be used for retargeting strategies, then it is of necessity that targeting moieties incorporated at this site are accessible for binding in the context of the intact virion. To investigate whether this was the case for the carboxy -terminal -added His tag, an enzyme-linked immunosorbent assay ( ELISA ) was performed. A range of 3-fold dilutions of CsCI -purified virions (Ad5.F5/ 3 and Ad5.F5/ 3.Ct.His ), immobilized in the wells of an ELISA plate, was incubated with an antifive -His MAb ( Qiagen, Valencia, CA ). Bound MAb was detected by incubation with a goat antimouse IgG conjugated to alkaline phosphatase ( Sigma, St. Louis, MO ) followed by development of the plate with p -nitrophenyl phosphate ( Sigma ) and absorbance reading at 405 nm. This analysis clearly showed efficient binding of the anti -five -His antibody to immobilized particles of Ad5.F5 /3.Ct.His, whereas binding to the control virus (Ad5.F5/ 3) was at the background level at each dilution (Fig 3 ) . These results demonstrate that the carboxy -terminal His tags present on the Ad3 fiber knobs of intact virus particles were indeed accessible for binding and, therefore, potentially available for interaction with a cognate cell surface receptor.
Next we sought to test whether the His tag on the Ad3 fiber knob of the Ad5.F5/ 3.Ct.His virion was capable of functioning as a receptor-binding ligand and of mediating gene transfer through a non -Ad3 receptor. This was addressed by an Ad -mediated gene transfer assay (for methodical details, see Ref. [19 ] ) utilizing U118MG -HissFv.rec cells, which exhibit surface expression of an artificial His tag receptor (AR ) with specificity for carboxy -terminal His tags. 22, 23 Specifically, a blocking experiment that capitalized on the fact that the AR has affinity (K d =4Â10 À 4 ) for imidazole 23 was conducted. We demonstrated that Ad5.F5/ 3.Ct.His gene transfer to U118MG -HissFv.rec cells was inhibited by imidazole in a dose -dependent manner, whereas this was not the case for Ad5.F5 /3 -mediated gene transfer (Fig 4) . This verifies that the modified virus, Ad5.F5/ 3.Ct.His, was indeed capable of infecting U118MG -HissFv.rec cells by means of a specific interaction between the carboxy -terminal His tag of the chimeric Ad5 /Ad3 fiber protein and the AR.
Previously, the Ad3 fiber knob had not been explored for the presence of potential sites that can harbor targeting motifs. In this study, we added a heterologous ligand to the carboxy -terminus of the Ad3 fiber knob of an Ad5 -based adenoviral vector. This genetic modification proved to have rendered the vector capable of mediating gene transfer through an alternate, non -Ad3 receptor. Thus, this work demonstrates that the carboxy -terminus of the Ad3 fiber knob is feasible as a locale for the introduction of novel tropism determinants. Further, we establish herein the practical feasibility of deriving complex mosaic adenovirus vectors, which embody multiple genetic capsid modifications for achieving tropism alterations. 
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